Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 53(6) (2021) 885-888
DOI: 10.22060/mej.2020.18678.6876

Electroplastic friction stir spot welding for joining AA6061-T6 aluminum to galvanized
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ABSTRACT: The friction stir spot welding has shown great potential for joining low-ductility aluminum
to high-strength steels. In the last decade, wide researches were done to achieve high strength and tool
life enhancement in friction stir spot welding. The electroplastic effect, with its environmentally friendly
nature and high efficiency, has resulted in a reduction of flow stress and tool wear, improvement of
plasticity and material flow for various processes. On the other hand, adding nanoparticles to the friction
stir spot welded area joint increased the tool wear despite the improved strength. In this paper, the joint
strength and spindle output power are investigated in electroplastic friction stir spot welding process
for joining of AA6061-T6 with 1 mm thickness to DP590 steel sheet of 1.5 mm. A 2¥ design was used
for statistical analysis considering four parameters of rotational velocity (1000, 2000 rpm), dwell time
(2, 4s), electrical current (250, 500A), and adding SiC reinforcing nanoparticles. A quantitative study
of the current density was performed by the finite element code with thermal-electric coupling. Results
showed that electroplastic effect had a compatible impact with nanoparticles on strength improvement
by accelerating the occurrence of dynamic recovery and recrystallization, and neutralized the negative
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1- Introduction

Reducing the emissions as well as increasing the fuel
efficiency request the wide use of lightweight aluminum
alloys in the automotive industry. However, aluminum alloys
are not completely replaceable with steels since the cost,
performance, formability, and joining problems. So, the
hybrid use of aluminum alloys and high strength steel alloys
is an inevitable trend for fabricating lightweight assemblies
made in aluminum to steel (Al/St) [1, 2]. To overcome the
joining difficulties, in 2003, Friction Stir Spot Welding
(FSSW) with the solid-state mechanism was first used in the
Al/St assemblies for the rear door of the Mazda MX-5 [3].

In electrically-assisted processes, the effect of electrical
current on the mechanical behavior of metal materials during
the process is termed an electroplastic effect. This effect
was firstly assessed and reported by Troitskii and Likhtman
in 1963 [4]. The current density is applied to assess the
amount of electric current passing through the cross-section.
Significant changes will occur in the material behavior at the
threshold current values of the current density [5]. Theories
related to the electroplastic effect are divided into two groups
of thermal and athermal effects [6]. Since most electroplastic
manufacturing processes are performed at low temperatures,
the athermal effect will be much more interesting.

According to the literature review, the reduction of the
plunge force during creating the nanocomposite needs to be
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investigated for FSSW process. So, the athermal effect of the
electroplasticity on the applied force on the tool, failure load
and mode, and the addition of the nanoparticles in the FSSW
process should be studied. In this paper, the ElectroPlastic
Friction Stir Spot Welding (EPFSSW) process is investigated
by adding SiC nanoparticles to join the AA6061-T6 to
galvanized DP590 steel. The main purpose of this paper is
to simultaneously achieve high strength joints and increase
tool life with the help of EPFSSW process. For this purpose,
a 2K factorial design was used for the statistical analysis and
modeling of the four process parameters. The finite element
code was generated with a thermal-electrical coupling to
assess the current density. In addition, the electroplastic effect
on the failure force and load, microstructure, and output
power of the spindle was experimentally investigated.

2- Methodology

In all experiment, the upper AA6061-T6 sheet with a
thickness of 1 mm was FSSWed to the lower DP590 + Z140
steel with a sheet thickness of 1.5 mm. The tungsten carbide
(WC) tool with 10% cobalt and hardness of 90 HRA was
made by a simple cylindrical pin with a diameter of 4.6 mm
and a shoulder diameter of 16 mm. To achieve a strong joint,
the pin with a length of 1.6 mm with a penetration depth of
0.7 mm into the steel sheet was utilized. Also, to perform the
process by applying nano powder, SiC nanoparticles with a
diameter of 45-65 nm were used.
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Fig. 1. (a) Schema of the electrically-assisted equipment and (b) longitude section with dimensions (mm)

The employment of alternating current 500 A started as
the tool touched the aluminum sheet and was stopped after 10
s. The electrical current was manually adjustable by a variac
connected to the transformer and a digital clamp meter. Fig. 1
schematically shows the electrically-assisted tools.

To quantify the current density generated by electrical
current, the finite element code of ABAQUS/CAE 6.16
software with thermal-electric coupling and standard solver
was utilized. The parts were discretized with the DC3DSE
linear element with 8 nodes and degrees of freedom of
temperature and electricity.

Planning the 2K factorial design, statistical study and
analysis of variance (ANOVA) considering three continuous
parameters of rotational speed (A), dwell time (B), electrical
current (C), and addition of SiC nano powder (D) as
categorical factor, were performed using MINITAB 19
statistical software (Table 1).

It is noteworthy that in order to eliminate the effects of
noise and reduce experimental errors, experiments were
performed randomly with two replicates to extract the outputs
of failure load and relative output power.

3- Results and Discussion
3- 1- Statistical analysis of DOE

Subsequent to assess the importance of all parameters,
the model can be created by deleting insignificant terms.
According to the ANOVA, the main parameters of dwell
time, rotational speed, electrical current and SiC addition,
respectively, had the greatest impact on the failure load.
Additionally, the linear regression equation for the failure
load is as follows:

Table 1. Limits of the parameters

Factors Low (-1) High (+1)
Rotational velocity (rpm) 1000 2000
Dwell time (s) 2 4
Electrical current (A) 0 500
SiC nanoparticles No Addition

886

F= -44683+9272 A4+ 14266 B+3412C+216D
+60.6 AXB—19.1 AxC (1)
+21.2 AXD +118.9 BxC + 82.1 BXxD —25.4 CxD —
82.5 AXCxD — 68.9 BxCxD

In the study of output power effect, the main parameters
of rotational speed, electrical current and powder had the
most impact, respectively. The dwell time did not affect this
output. The linear regression equation for the relative output
power obtained from ANOVA is as follows:

P= 51.094+9.0944—-0.219B—-6.719 C+2.906 D
+1.031 4xB- 0.844 AxC )
+0.781 AxD - 0.031 BxC-0.781 BxD + 1.219 CxD-
0.656 AXBxD + 0.531 BXxCxD

3- 2- Distribution of current density

The distribution for the current density at the electrical
current of 500 A is predicted in Fig. 2. Although the current
density for the aluminum side is lower than that of the steel
sheet; according to the theory of magnetoplasticity, the
passage of electrical current can facilitate the movement
of dislocations by creating a magnetic field, reducing flow
stress, and thus improving material flow [7]. Besides, it is
expected that the higher resistance of steel generates larger
electroplastic effect. For the steel sheet, the maximum current
density was about 45 A/mm2 at 500 A, which is higher than
the threshold current density of DP590. As a result, the
athermal effect of the electroplasticity promises useful merits
includes that reducing the plunge force and increasing the
strength obtained from grain refinement.

ECD, Magnitude
(Avg: 75%)

Fig. 2. Current density distribution at 500 A
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Fig. 3. Comparison of FE-SEM photograph of the joint cross-section for (a) I-SiC effects and (b) no effect.
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Fig. 4. Failure mode changes with increasing failure load

3- 3- Microstructure

Accordingto the statistical results, adding the nanoparticles
increased the average failure load and relative output power
by 10 and 12%, respectively. The increase in the joint strength,
as well as the force exerted on the tool, is due to the formation
of the nanocomposite. Also, the experiments in the case of
applying current density resulted in an increase of about 17%
in the failure load and a 30% decrease in the relative output
power, respectively. This dramatic reduction greatly affects
tool wear and increases tool life. The athermal effect of
electroplasticity increased the tool life with the occurrence of
early recrystallization at low speeds; thus making it possible
to achieve the desired strength. Furthermore, Figure 3
compares the simultaneous effect of electroplastic effect and
nanoparticle addition (I-SiC) on the cross-section of the joint.

As is observed, in the case of simultaneous application
of electrical current and nanoparticles, the improvement of
plasticity and materials flow due to the electroplastic effect
had led to the formation of a more continuous and complete
hook area.

3- 4- Failure mode

Four failure modes were observed during the tensile shear
testing of the FSSWed joints. Fig. 4 shows the failure load
changes and modes. As depicted, the strongest joint of test

number 16 failed with a fracture from the adjacent region of
shoulder indentation. This experiment was performed at high
levels of all parameters (Table 1).

This failure mode has never been reported in the FSSW
of Al/St sheets [8, 9]. In this failure mechanism, the applied
force overcomes the shear strength of aluminum in the region
adjacent to the shoulder indentation; thus causes single-sided
tensile failure. This mechanism confirms the creating of very
strong joint by achievement of failure loads above 7 kN. In
fact, in this experiment (No. 16), at a rotational speed and
dwell time lower than other sources [10], suitable conditions
in terms of grain size, diffusion and geometry of the hook
area were created with the help of interaction effect of
electroplasticity and nanoparticles addition.

4- Conclusions

The results showed that adding the SiC particles to the
weld nugget can lead to the diffusion of the particles in the
grain boundaries and the formation of the nanocomposite
which reduced the tool life in addition to raising the failure
load. The athermal effect of the electroplasticity accelerated
the occurrence of recovery and recrystallization. Therefore,
a fine-grained coaxial microstructure was observed in the
stirring zone. Additionally, simultaneous application of
electrical current and nanoparticles caused a significant
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increase of about 27% in the average failure load and a
decrease of 13 % in the relative output power. As aresult, it can
be concluded that the electroplastic effect is complementary
to the influence of the reinforcing nanoparticles which their
positive effects are intensified on the joint strength. Besides,
the strongest joints failed at the upper bound of the parameters
with a failure load above 7 kN.
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Fig. 7. Effect of main parameters on failure load
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Table S. Analysis of variance for the modified model of

relative output power
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Fig. 9. (a) Contour of temperature distribution for end
moment and (b) comparison of experimental tempera-
ture distribution (Ex.) with numerical results (FEM)
.during applying electrical current 500 A
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Table 6. Relative output power values (N) according to
test number

ond St slade 93 ST Jol 4155 ojled

o ¥ ¥V )

Y0 Y #0 Y

¥ A fo Y
AN 2 Y ¥
Yf0 \rd Yo I
¥ fo fo s
AN Y. Yy N
U 5 fa A
a-If oy a- a

VY vy 9 v
A s A 1
79\ 7Y \al VY
£y ¥q ¥ Wy
INT4 ) OA \f
YAS A ¥4 Vo
ov¥ [Nd [\ \#

D doles bl LB % £ ogas gl ais b 00 S e

ol S8 @i -T-¥
Wgdze syl Jaw lawgi sadoloyl (goue mll swyp ki 4
ol @l 08 Jolo liabl Jao 28 4y cons Wl

Sl 3s85 e Sl yo i S oilal les aujei g Jow

A B

o
=)
1

53
@
I

N\

S
[

:
/

(%) i 255 Ll awwsis
«
Z

.
5

N\

T T T T
1000 2000 2 4

o 7955 Olg x Gl g elyly 56 A JSS
Fig. 8. Effect of main parameters on relative output power

1 Top of aluminum (ToAl)
2 Bottom of steel (BoSt)

YYEY



YVO+ B YVYY dorao NF v Jlo & ojlaud Y 080 ¢ pusS yuol SOl wiins 4 puls

V58 3y9 sl 0 65 Sl Sl ST slml o
£0 AmmML Joleo -+ A o> o oz JE> aiciy e
S e DR (g5l8 g0 oYgd (Sl s, &y az gl L aS wllioe
Oz &5 il & amgi b aS cod S5 LB sl slin] IS
Jsi Gl Al dogd bl 4 cod) 3V G35 0 Lo oLy
Py &S50 098 00 J95 (Sl A1 (B (Sade g aion
i wlin] Gl S St il a5 end osls i
Olej il 456 5k S oo Sl (SlSee )13, 09200 50 (gmane
aaly> Gleily 2alS 5 65 51 B ras Gl o LS 0l 2 Jloe!
gz LYY Yol cunls salgs mls 5 cwgmome 156 g 0B
ol bl lade 5l jio aS 00 A b, o cadolul S5
O9zed (othe gl eaiasn g Kby g 2SIl 51 (5l e 56
il dgue 51 (A6 plSoul (2l 5 (62958 (598 SRelS
lael glabi o Sy anls plodl sln azmie bl

s oslil 00+ A Jobee oz 3 Sl oS! SISkl

Juslug, -¥-¥
ezl 4ol s CajemelSel Jlsle obnl el )y sl
JET 5l G sl )5 slaj0g gl ad lo &5 jshilen
gy Dygo 5o il Lol saagll S e Fligw 4 anld
SeilSe Jl8, Vg —pgiiiagll a0 el s slay0g
UK 5 Y UK & £y) ol b o iy e e JL
Vo i3l s i 4 3 gl el el o L ilesT (A
429 b Nad (o (295 OlY g eSS 958 50 % T
PR Rl ol Gax Grimen s Jlail plSouial Gl 4
ol @loslisly ez opdee Jaime Cujorals 5l (6 S S
o lnl )y Sledl 4l 6lp Jlslon ) VY JSS 0 5%

Lawlodds
B 1y g5 g S (5 0 odialoml i V) S b
Ao ke 0,5 o0 (G (B 4z g b3 lse (nl S 00 S
laailspo 4o dgas b cdel )3l sl ags LB 55 Sal Jas
oot bl &5 o 85 s (Gl V) IS a5 boglas)

() ® feo (<alh

ECD, Magnitude ECD, Magnitude
(Avg: 75%) (Avg: 75%)
53.0 265
486 243
442 221
397 19.9
(e 353 17.7 ()
309 155
265 132
221 110
17.7 838
132 66
88 44
44 22
0.0 00

sogrimnsll 339 SV sled sl 0y @ie el (W) N IS
&39 lade (9) (Jo (o e ahaile () «53¥ 98 &9 ol slod ()
Aber gl (0) g AYE gl o ol B

Fig. 10. (a) Contour of current distribution for top view
of the aluminum sheet, (b) bottom view of the steel sheet,
(¢) cross section of the model, (d) distribution values of
current density at 250 A and (e) 500 A

B> Jde B A a YO A e ) ol sl b
Rl aboe (Rl % Ve Sl 9 YL By 50 by A
ahie gl S8z 5 bz peines alal, 5l (Sl s 1
Sl ol B el @y azgs b cal 53 LG el LSy
polie 1 el Loy ahnis mhaw g SO S L Slads
50 oadolonl (aBly polie 4 Gl cwgwdmo el 0l oo yien
L) Sedlyy Sl Saol alecdl glabii ) Kas anl
Sy ol S8 DT il salsss (s daiie 5 bz
Geb Lol ool (0¥ (5y5 5l 1S a4z S psitell G G
slul b wilgge (oSl by jome Aol giSe o L
Gl e olml oS> Jued o (bl Gle SO
Ol sge [YA] 058 slge by Sgete aztio 5 o 25
slp SBlol coluzél glabis o) Sasz anld o psateedll
5 il 4>l (570 s Wl oo SYs-psiiasll sl
S5 jii Caaglie 45 59, oo Uil 3,k 51095 Jlas! alSioctl

2 Zener

YYFY

1 Magnetoplasticity



YVO« B YVYY axéo NYFe- JL.J‘;D)LQJ: LY 0,93 ‘)‘.S)ml t.i.:;&.a L;»A.I.Q(c 4.3).“.;

FeKa

| FeLa
1500

SEM MAG: 999 x SEMme1S0KV |)1)01)

WO: 15.02 mm Det: BSE 20pm
Dategmiay): 121719 | View field: 145 pm

) 9 (&l
EDAX 551 () g FE-SEM 3 905 (G) 1+ 0louis ialo3T (gl iliiél anab 4o SIC 56 @l ,3 0) Jsis
Fig. 11. SiC nanoparticles in stirring zone for test number 10 (a) FE-SEM photograph and (b) EDAX pattern

( 50 um (1))
3 () 9 ¥ (A o ylous ‘.;,.;.Lo,'T Y ,eW,JT bl asb o OM Ll 3y dus lio AT JSC0

.Fig. 12. Comparison of OM microstructure in stirring zone of aluminum for test number (a) 2 and (b) 10

oY g8 —pguiagd] Jlasl Lslo ;o &l 3gl sgg a5 ol ;S LB o)l wlgs oy 1) Jlasl plSoiul 5 St il aS
WS 50 dedee Ly SHl> @bl o P sbml e Saslonds (355 Slans 5 Slod bawgi 5 i (e I
Josl g o @ S anTS e 50 (658 Oyl sl A5 ead (6298 (S5 Gl o gz 4l iy (5 VA
Oyl Gl 4 az g bam o og walys (dhie (58 o Wlgior pol (nl oS (o0 Sl (i (295 Ol Sl 5o
lge Rl o5 e Sl 4 S 55 a0l adolml eSS go e Gl ef e 1 sl Il ol 25 Gl
Sl B8y Bl pas 4 ol g Lol (I8 Y Koo 5l el Jlail sl il yes (Rl o SajsnelS 5 ol

2,5 0 il o yaalS il Al g el (3 oloss Sllaol colaé! gladaii o ,Kogx o], lawgs 0¥
Jlesl el o b ialegT s bl s o ol gbaally 31 b baails wd, 5 6uSsle daails) e cos Jad ol il 5l Ss S
S oy o Y W dgam Gl i 4 olyr B asl Gl pny canalb dbel 4 Gl ol @l sl
He shacals o0 ) cmd a5 Ol 0 % Ve el OF U)o, o,Lal slazel
Slasl oLzl glahai o Kag> sl bl o ols als  Sldgl Jlel cdl> s gonails oSl o3l OY s 5k
Jode (¥ USK8) Do i rals a4y 098 oo SGdlyg il Sgagp um, ¥ UM 9o ke 4 melS % £ L (Ve ioles])
o Lol [VV] s pals g S5 ot 4 Canglie 2olS oSVl 5l ke ses by 3l Jlasl b ilasél asb gl sowals

50305 18 1l o agad | 5l Gials e G2alS 0l o)S el il 0l 51 6 ,eS sl 5 Loy ] & ymlps pas daails pe oy i3

YVFE



YVO+ B YVYY dorao NF v Jlo & ojlaud Y 080 ¢ pusS yuol SOl wiins 4 puls

@
¥ oylas ialosT (0) 8 Y 0 lois ile)T () carly 318 () (gl Y98 (LEEN aum s o yLisLuy ) FE-SEM i dunglio AY S

(alh

Fig. 13. Comparison of FE-SEM photograph for microstructure in stirring zone of steel (a) base metal, (b) test number
.3, and (c) test number 7
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